specific modulation of the glycocalyx and smooth muscle cell contractile apparatus in conduit arteries of tail-suspended rats. J Appl Physiol 120: 537-545, 2016. First published December 17, 2015 doi:10.1152/japplphysiol.00245.2015.-The glycocalyx is a key mechanosensor on the surfaces of vascular cells (endothelial cells and smooth muscle cells), and recently, we reported that the redistribution of the hemodynamic factors in tail-suspended (TS) hindlimb-unloaded rats induces the dimensional adaptation of the endothelial glycocalyx in a regional-dependent manner. In the present study, we investigated the coverage and gene expression of the glycocalyx and its possible relationship with smooth muscle contractility in the conduit arteries from the TS rats. The coverage of the glycocalyx, determined by the area analysis of the fluorescein isothiocyanate-labeled wheat germ agglutinin (WGA-FITC) staining to the cryosections of rat vessels, showed a 27.2% increase in the common carotid artery, a 13.3 and 8.0% decrease in the corresponding abdominal aorta and the femoral artery after 3 wk of tail suspension. The relative mRNA levels of syndecan-2, 3, 4, glypican-1, smooth muscle protein 22 (SM22), smoothelin (SMTN), and calponin were enhanced to 1.40, 1.53, 1.70, 1.90, 2.93, 2.30, and 5.23-fold, respectively, in the common carotid artery of the TS rat. However, both glycocalyx-related genes and smooth muscle contractile apparatus were totally or partially downregulated in the abdominal aorta and femoral artery of the TS rat. A linear positive correlation between the normalized coverage of glycocalyx and normalized mRNA levels of SM22, SMTN, and calponin exists. These results suggest the regional-dependent adaptation of the glycocalyx in simulated microgravity condition, which may affect its mechanotransduction of shear stress to regulate the contractility of the smooth muscle, finally contributing to postspaceflight orthostatic intolerance.
glycocalyx; smooth muscle contractile apparatus; vascular remodeling; orthostatic intolerance; tail-suspended rats ASTRONAUTS EXPOSED TO MICROGRAVITY often experience postflight orthostatic intolerance on return to the gravity of Earth (16) , and its symptoms experienced during standing include increased heart rate, orthostatic hypotension, and frank syncope (28) . These alterations of orthostatic stability can delay return to normal upright activities from hours to days and adversely affect the safety, well-being, and performances of astronauts on return to Earth (33) . Even after several decades of investigation, mechanisms accounting for orthostatic intolerance, including hypovolemia, cardiovascular structural changes, and alterations in central integration, baroreceptor function, and neurohumoral regulation, remain disputed and multiple (22) .
To investigate this phenomenon on Earth, the tail-suspended hindlimb-unloaded rat has been used extensively to simulate the effect of microgravity (25) . This model induces a shift of body fluids toward the head and neck region (39) and postural muscle unloading (27) that occur in microgravity. In addition, the adaptations of the tail-suspended rat, including hypovolemia (26) , postural muscle atrophy (27) , bone loss (34) , and a reduced aerobic capacity (11) , are consistent with the observations in spaceflight. Previous studies using tail-suspended hindlimb-unloaded rats strongly suggest that simulated microgravity-induced vascular structural and functional remodeling is anatomically region dependent, and these changes may be one of the key contributors to postspaceflight orthostatic intolerance (6, 9, 40) . Adaptations in the upper body arteries, including the increased myogenic tone, enhanced vasoreactivity, hypertrophic remodeling, and endothelial dysfunction, may increase cerebrovascular resistance and contribute to decreased brain blood flow in astronauts when they return to normal gravity conditions (21, 39) . On the other hand, remodeling in the lower body arteries, including the decreased myogenic tone, attenuated vasoreactivity, atrophic remodeling, and endothelial dysfunction (36) , are likely to result in a diminished ability to raise peripheral resistance in astronauts exposed to orthostatic tests. All these factors operate together to cause orthostatic intolerance when astronauts return to the gravitational environment.
The glycocalyx (GCX) of vascular cells is mainly composed of proteoglycans (syndecans, glypicans, and CD44), with their associated glycosaminoglycans (GAGs) that include heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA), and glycoproteins bearing acidic oligosaccharides with terminal sialic acids (SA) (29) . As for the protein backbones of the GAGs, the major carriers of HS and CS are syndecan and glypican family proteins, and HA, on the other hand, is electrostatically bound to the surface glycoprotein CD44 (19) . GAG biosynthesis is initiated by the formation of the linkage tetrasaccharide, GlcA␤1-3Gal␤1-3Gal␤1-4Xyl␤1-O-Ser (13), followed by the chain extension steps by the addition of alternating disaccharides catalyzed by exostosin (EXT) 1 and EXT2 (5), or chondroitin synthase (Chsy) (35) . As the chain is elongated, sulfate groups are introduced at various positions to make the GAGs highly charged (20) . A dynamic equilibrium exists between biosynthesis and shedding of the GAGs induced by enzymes, e.g., heparanase, chondroitinase, and hyaluronidase, or local hemodynamic factors, shear stress in particular (15, 19) , continuously affecting the composition and thickness of the GCX.
The physiological importance of the vascular cell glycocalyx (GCX) has been established by functional studies and electron microscopic observations over the past decade. The endothelial GCX shields the vascular wall from direct exposure to flowing blood, forms a permeability barrier for plasma fluid and macromolecules, limits the adhesion of leukocytes and platelets to the luminal surface, and stimulates NO release by mechanotransduction (7, 8, 14) . On the other hand, the smooth muscle cell (SMC) GCX has been reported to play important roles in mechanotransduction of shear stress in two-dimensional (2D) condition where the endothelium has been denuded to modulate cell proliferation, migration, and NO production (17) , and function as an interstitial flow sensor in three-dimensional (3D) physiological condition to modulate SMC marker genes (31) and cell motility (32) .
Recently, we demonstrated by using confocal microscopy that the redistribution of the hemodynamic factors in tailsuspended hindlimb-unloaded rats induced the dimensional adaptation of the endothelial glycocalyx in a regional-dependent manner, with an approximate 1.66 and 1.64-fold increase in the common carotid artery and the abdominal aorta region and with a 0.79-fold reduction in the femoral artery (18) . In the present study, we extended this line of research and focused on the coverage and gene expression of the vascular cell [endothelial cell (EC) and SMC] glycocalyx, and its possible relationship with the expression of smooth muscle contractile apparatus in the conduit arteries from the tail-suspended rats.
MATERIAL AND METHODS
Animal model. Eighteen female Sprague-Dawley rats (specific pathogen free) weighing between 180 and 200 g were provided by National Institutes for Food and Drug Control in China and divided into two groups: control (body wt: 190.40 Ϯ 2.17, n ϭ 9) and TS group (body wt: 191.90 Ϯ 2.49, n ϭ 9). The number of animals in the present study is consistent with the study about hindlimb unloading effects on muscle flow responses to Ach from Woodman et al. (37) . The protocol of tail suspension was supplied by Sun et al. (34) and approved by the Animal Care Committee of Beihang University. In brief, the rat tails were attached to a plastic bar mounted on the top of the cage (30 ϫ 30 ϫ 50 cm) by tape and maintained in about Ϫ30°h ead down-tilt position with their hind limbs unloading. The control rats were kept in the regular cage without tail suspension. All animals were fed by a standard lab chow and kept in a room maintained at 25 Ϯ 2°C on a 12:12 h light/dark cycle for 21 days. The bone mineral density of femurs and tibias from the tail-suspended rats were significantly reduced compared with the control rats, as reported in our previous study (18) , verifying the effectiveness of the tailsuspended rat model.
Perfusion and vessel isolation. After anesthetizing with pentobarbital sodium at a dosage of 45 mg/kg, the heart and thoracic aorta were exposed by opening the chest and cutting of the ribs. The left ventricle was located and cannulated, and the perfusion was started with 1% BSA containing 5 IU/ml heparin at 5 ml/min under a pressure of 80 mmHg. Meanwhile, the inferior vena cava was cut to create an outflow. When the blood was completely washed away, the perfusion medium was changed to 2% paraformaldehyde solution, and perfusion continued for another 5 min. Then the arteries from the abdominal, left common carotid, and the left femoral were excised and embedded in Tissue-Tek optimum cutting temperature (OCT, Sakura Finetek USA, Torrance, CA) medium and frozen quickly on dry ice mixed with methanol bath. Arteries used for RNA extraction were washed with sterile PBS only. After getting rid of the collective tissue and the adventitia, the arteries were excised carefully and frozen as soon as possible.
RNA extraction and quantitative PCR. Total RNA was extracted from the common carotid artery (Ϸ11 mg), abdominal aorta (Ϸ43 mg), and the femoral artery (Ϸ8 mg) of the control and tail-suspended rats by using TRNzol reagent (Invitrogen, Camarillo, CA). The amount of total RNA from each sample was quantified with a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE). Genomic DNA elimination was performed by incubating 1 g total RNA of each sample with gDNA eraser at 42°C for 2 min. RNA was subsequently reverse transcribed with a PrimeScriptTM RT reagent Kit (Takara Bio, Otsu, Japan) and real-time PCR was performed on iQ5 Multicolor Real-Time PCR Detection System (BioRad, Hercules, CA) with a SYBR Green master mix (Takara Bio, Otsu, Japan). Specific gene primers employed for quantitative PCR are listed in Table 1 . The amplification efficiency of each primer was confirmed by melting curve analysis. Triplicates of each sample from control and tail-suspended rats were run in the same experiment. Quantification of the relative changes in mRNA levels between control and TS groups was performed by the delta delta threshold cycle (⌬⌬C t) method. ⌬Ct was calculated by subtracting the Ct value of the target gene from the Ct value of the internal reference gene GAPDH. ⌬⌬Ct was obtained by subtracting the ⌬Ct value of the TS group from the ⌬Ct value of the control group in the same experiment. Fold change was then calculated as 2
Ϫ⌬⌬Ct . Data from four couples of control and tail-suspended rats were used to analyze the relative expression level for each gene.
Immunofluorescence staining and confocal microscopy. The protocol of artery glycocalyx staining with fluorescein isothiocyanatelabeled wheat germ agglutinin (WGA-FITC, Sigma Aldrich, St. Louis, MO) was described sophisticatedly in our previous study. In brief, the frozen vessels embedded in OCT were first cut into 6-m slices by using a Leica CM1950 cut machine (Leica Biosystems, Shanghai, China) and mounted on superfrost plus microscope slides (Thermo Scientific, Portsmouth, NH). After exposing to air dry overnight, the slides were then postfixed in 4% paraformaldehyde solution for 10 min. Antigen retrieval was performed by warming the slides in 0.01 M sodium citrate to 92-95°C for 15 min. After cooling for 30 min, the slides were washed in PBS and treated with 1% H 2O2 for 30 min, then incubated with WGA-FITC at 5 g/ml for 4 hr in dark. Thereafter, the slides were mounted with Antifade mounting medium with DAPI (HelixGen, Guangzhou, China) and imaged under a Leica TCS SPE confocal microscope (Leica Microsystems, Wetzlar, Germany). A ϫ40 oil objective lens was applied and the field of view (FOV) was about 275 ϫ 275 m with a 1,024 ϫ 1,024 pixel solution.
For the common carotid artery and the abdominal aorta, three FOVs were chosen for each slice and three to five slices were collected for each vessel. For the femoral artery, on the other hand, two FOVs were imaged for each slice and four to five slices were chosen for each vessel. Vessels from five couples of control and tail-suspended rats were used to analyze the coverage of the glycocalyx. Image analysis. Images were analyzed with Image J software (National Institutes of Health, Bethesda, MD) that is free and available from the website. To quantify the coverage of the GCX, images were turned to 8-bit type by performing the split channels as shown in Fig. 1 , A-C. For a given FOV of WGA-FITC staining, the intima and media were selected with the polygon selections tool and outlined as the region of interest (ROI) as designated in Fig. 1D . Regions outside the ROI were cleared (Fig. 1E) and the ROI was then threshold automatically (Fig. 1F) . The coverage of the glycocalyx was defined as the area of the WGA-FITC positive staining divided by the total area of the ROI and presented as a percent. It should be noted that only well-stained areas of one slice with clearly labeled GCX and low background was selected when calculating the coverage of GCX. Areas with high background or low contrast were excluded since it would lower the result of the calculation. Although the brightness of the WGA-FITC staining cannot affect the calculation of the GCX coverage significantly (unpublished data), all images were still obtained at the same intensity of excitation.
Statistics. The coverage of GCX and the relative mRNA levels of smooth muscle contractile apparatus in common carotid artery, abdominal aorta, and femoral artery were normalized by each value of the control rats. A Kolmogorov-Smirnov test with a Dallal-WilkinsonLilliefor P value was performed to test if the values came from a Gaussian distribution. Correlations were evaluated between normalized coverage of GCX and normalized mRNA levels of smooth muscle contractile apparatus by using the nonparametric Spearman correlation coefficient.
Data are presented as means Ϯ SE. Differences were assessed by using unpaired Student's t-test with P Ͻ 0.05 considered significant.
RESULTS
The coverage of the glycocalyx quantification. WGA-FITC binds N-acetylated glucosamine residues in HS, HA, and SA, so it labeled the component of glycocalyx from the intima to adventitia except for the elastic fiber, as shown in Fig. 2 . The arrowheads denote the endothelial cells and arrows show the internal elastic lamina. The coverage of the glycocalyx, presented as a percent of the WGA-FITC positive staining area divided by the total area of the vessel (adventitia excluded), showed an approximate 27.2% increase in the common carotid artery (TS 78.8 Ϯ 2.8% vs. control 51.6 Ϯ 1.6%, P Ͻ 0.01), a 13.3% decrease in the abdominal aorta (TS 32.4 Ϯ 2.3% vs. control 45.7 Ϯ 3.8%, P Ͻ 0.01), and a 8.0% decrease in the femoral artery (TS 26.6 Ϯ 2.5% vs. control 34.6 Ϯ 2.3%, P Ͻ 0.05) of the tail-suspended rats (Fig. 3) . These results suggest the total amount of the glycocalyx would be modulated by simulated microgravity in a regional-dependent manner.
Expression of glycocalyx-related genes. To evaluate the effect of simulated microgravity on the expression of the components of vascular cell glycocalyx, we quantified the mRNA levels of its core protein backbones (syndecan, glypican, and CD44) and the key biosynthesis and degradation enzymes of the GAGs. Samples from one couple of TS and control rats were run side by side with three replicates for each target gene and GAPDH at the same time, and data from four couples of rats were used to calculate the means Ϯ SE. As shown in Fig. 4A , the relative mRNA levels of the core protein backbones, including syndecan-2, 3, 4, and glypican-1, show a 1.40 (P Ͻ 0.05), 1.53 (P Ͻ 0.05), 1.70 (P Ͻ 0.05), 1.90-fold (P Ͻ 0.01) increase in the common carotid artery of the tail-suspended rats with respect to the control group. There were no significant differences of the relative mRNA levels of other genes like CD44, Chsy1, EXT1, hyaluronidase-1, hyaluronidase-2, and chondroitinase between the tail-suspended and control rats (P Ͼ 0.05). For the abdominal aorta, all target genes were downregulated significantly by the tail suspension of rats, and the relative mRNA levels were ranged from 0.14 to 0.44-fold compared with the control rats (Fig. 4B) . Moreover, the same downregulation trend was observed in the femoral artery of tail-suspended rats, as shown in Fig. 4C . Briefly, relative mRNA levels of syndecan-3 (0.43-fold, P Ͻ 0.01), glypican-1 (0.19-fold, P Ͻ 0.01), CD44 (0.75-fold, P Ͻ 0.01), Chsy1 (0.53-fold, P Ͻ 0.05), EXT1 (0.57-fold, P Ͻ 0.01), hyaluronidase-2 (0.44-fold, P Ͻ 0.05), and chondroitinase (0.38-fold, P Ͻ 0.01) show significant reduction, while the mRNA levels of syndecan-2, syndecan-4, and hyaluronidase-1 seem not affected by the tail suspension of rats.
Expression of smooth muscle cell contractile apparatus. Smooth muscle cells in normal vessels exhibit a mature contractile apparatus, including smooth muscle myosin heavy chains (SM-MHC), smooth muscle ␣-actin (␣-SMA), smooth muscle protein 22 (SM22), smoothelin (SMTN), and calponin. Relative expression levels of these marker proteins can be used to evaluate the contractility of one vessel in the literature. To exam effect of simulated microgravity on vascular contractility, relative mRNA levels of smooth muscle contractile marker proteins from three different vessels (the common carotid artery, abdominal aorta, and femoral artery) were measured by qRT-PCR. Samples from four couples of control and tailsuspended rats were run at one time for one target gene and GAPDH, and each sample has three replicates for both target gene and GAPDH. As shown in Fig. 5 , the tail suspension of rats significantly reduced the relative mRNA levels of all contractile markers, including SM-MHC (0.41-fold, P Ͻ 0.05), a-SMA (0.24-fold, P Ͻ 0.01), SM22 (0.16-fold, P Ͻ 0.01), SMTN (0.40-fold, P Ͻ 0.01), and calponin (0.18-fold, P Ͻ 0.05), in the abdominal aorta (Fig. 5B) and the relative mRNA level of SMTN (0.23-fold, P Ͻ 0.05) in the femoral artery (Fig. 5C) , while upregulated the expressions of SM22, SMTN, and calponin to 2.93 (P Ͻ 0.05), 2.30 (P Ͻ 0.05), and 5.23-fold (P Ͻ 0.01), respectively, in the common carotid artery (Fig. 5A) .
Correlations evaluation. Results from Kolmogorov-Smirnov normality test showed that the normalized coverage of GCX and normalized mRNA levels of smooth muscle contractile apparatus, including SM-MHC, SM22, SMTN, and calponin, were not from a Gaussian distribution, with a P value Ͻ 0.05. Therefore, nonparametric Spearman correlation between the normalized coverage of GCX and normalized mRNA levels of smooth muscle contractile apparatus was performed to compute the correlation coefficients, which are based on ranks, not the actual values. As shown in Fig. 6 , the Spearman coefficients (r) for SM-MHC and a-SMA were 0.613 both with a P value Ͼ 0.05, which indicates the correlations were not significant. For SM22, SMTN, and calponin, however, the Spearman coefficients were 1.000 (P ϭ 0.017), 0.936 (P ϭ 0.033), and 1.000 (P ϭ 0.017), with a slope of 3.11, 2.50, and 5.99, respectively. Fig. 2 shows the typical WGA-FTIC staining of the glycocalyx (GCX) from the intima to adventitia of one vessel slice, which is consistent with our earlier confocal microscopic observation that WGA-FITC labeled the HS, HA, and SA component of the GAGs from the EC and SMC membrane, extracellular matrix, and cytoplasm (18) . This kind of intima to adventitial staining has also been observed by Megens et al. (24) in their two-photon microscopic study of the murine arteries by adding WGA-FITC intra-and extraluminally 30 min before image acquisition in a perfusion chamber. At the cellular level, WGA-FITC labeled both the cell membrane and extracellular matrix. This phenomenon is consistent with the results obtained by Barker et al. (3) in the cultured human endothelial cells. Moreover, the cytoplasmic staining of WGA-FITC may be the intracellular heparin sulfate taken up by cells through endocytosis as reported by Barkefors et al. (2) .
DISCUSSION
Results from Fig. 3 showed that the tail suspension of rats modulated the coverage of the GCX in an anatomic regionaldependent manner, with an approximate 27.2% increase in the common carotid artery and a respective 13.3 and 8.0% decrease in the abdominal aorta and the femoral artery of the tail-suspended rats. This phenomenon was associated with the expression levels of glycocalyx-related genes, including the core protein backbones and the key biosynthesis and degradation enzymes of GAGs, as shown in Fig. 4 . Briefly, the significant increase of the relative mRNA levels of syndecan-2, 3, 4 and glypican-1 in the common carotid artery of tail-suspended rats (Fig. 4A ) suggests more carriers of HS and CS, contributing to the enhanced local coverage of GCX. Accordingly, the downregulation of protein carriers (syndecan-2, 3, 4, glypican-1, and CD44) and biosynthesis enzymes (Chsy1 and EXT1) of GAGs in the abdominal aorta of tail-suspended rats, as shown in Fig. 4B , indicates less protein backbones and GAG side chains compared with the control rats. Meanwhile, a less extent of downregulation for the key endogenous degradation enzymes of GAGs, including hyaluronidase-1 (0.44-fold), hyaluronidase-2 (0.36-fold), and chondroitinase (0.19-fold), compared with the biosynthesis enzymes, including Chsy1 (0.17-fold) and EXT1 (0.14-fold), acts together and contributes to the final 13.3% reduction in the local coverage of GCX. In the same way, the downregulated relative mRNA levels of syndecan-3 (0.43-fold), glypican-1 (0.19-fold), CD44 (0.75-fold), Chsy1 (0.53-fold), EXT1 (0.57-fold), hyaluronidase-2 (0.44-fold), and chondroitinase (0.38-fold) in the femoral artery of the tail-suspended rats (Fig. 4C) , suggesting a reduction in the amount of protein carriers, biosynthases, and degradation enzymes of GAGs, results in a 8.0% decrease of the local coverage of GCX. Collectively, these results, in line with our previous endothelial glycocalyx dimensional study, demonstrated that simulated microgravity could induce arterial glycocalyx remodeling, not only the thickness but also the coverage and the gene expressions, in an anatomic regional-dependent manner.
How does this kind of remodeling of arterial glycocalyx happen? It should be noted that the tail suspension of rat can induce a shift of the body fluid toward its head and neck region, resulting in the redistribution of transmural pressures and flows within and across the arterial vasculature (39) . Although direct measurements of the local hemodynamic stress conditions are rare, data from experimental studies have estimated that during tail suspension, the blood flow in the rat abdominal aorta could be reduced by about 23% (10) , and the mean blood pressure in its basilar artery would be increased by about 17 mmHg (36) compared with the control standing group. These alterations of local hemodynamic stresses, shear stress in particular, could be some kind of mechanical stimuli that affect the expression of several components of glycocalyx and initiate the local vascular glycocalyx remodeling, as was first reported by Gouverneur et al. (15) . They applied a 10-dyn/cm 2 shear stress on human umbilical vein endothelial cells for 24 h and found that fluid shear stress stimulates incorporation of hyaluronan into glycocalyx, contributing to its vasculoprotective effects against proinflammatory and proatherosclerotic stimuli. Very recently, Koo et al. (19) investigated the expression of human endothelial cell glycocalyx components by exposing cells to atherosclerosis-resistant or atherosclerosis-susceptible shear waveforms and found that the expression of glycocalyx components was differentially regulated by distinct hemodynamic environments, which linked the distinct hemodynamic environments to the expression of key components of endothelial glycocalyx directly. Although the effect of transmural pressures on the expression of glycocalyx components has not been revealed, Dull et al. (12) demonstrated a pressure-sensitive mechanotransduction role of the endothelial glycocalyx in modulating the hydraulic conductivity of cultured lung microvascular endothelial cells, suggesting some possible relationships between pressure and the endothelial glycocalyx. In all, these studies have supplied supporting material to explain the observations in the present study that the expression of several components of vascular cell glycocalyx could be modulated by distinct hemodynamic environments induced by the redistribution of body fluid in tail-suspended rats. Fig. 4 . The relative mRNA levels of glycocalyx-related genes, including its core protein backbones (syndecan-2, 3, 4, glypican-1, and CD44) and the key biosynthesis (Chsy1 and EXT1) and degradation enzymes (hyaluronidase-1, 2 and chondroitinase) of the glycosaminoglycans in the common carotid artery (A), abdominal aorta (B), and the femoral artery (C) of control and TS rats. Samples from one couple of control and TS rats were run side by side with three replicates for each target gene and GAPDH at one experiment. The relative mRNA level was calculated as 2
Ϫ⌬⌬Ct for one experiment, and data from four experiments were used to calculate the means Ϯ SE. Chsy: chondroitin synthase. EXT: exostosin. *P Ͻ 0.05 vs. control; **P Ͻ 0.01 vs. control.
SMCs in normal vessels retain remarkable plasticity to transform between "contractile" and "synthetic" phenotypes in response to alterations in local environmental conditions (31) , and the relative expression of its contractile apparatus including smooth muscle myosin heavy chains (SM-MHC), smooth muscle ␣-actin (a-SMA), SM22, smoothelin (SMTN), and calponin (4), combined with calmodulin expression (38) and myosin light-chain kinase activity (39) could be used to evaluate the contractility of one vessel. Results from Fig. 5B showed that the 3-wk tail suspension of rats significantly reduced the relative mRNA levels of all contractile markers, including SM-MHC, a-SMA, SM22, SMTN, and calponin, in the abdominal aorta, indicating the decrement in the ability of smooth muscle to generate force. This observation is consistent with the results from the maximal isometric contractile tension measurements that both receptor-mediated and nonreceptormediated vasoconstrictor responses of the abdominal aorta decreased significantly after 2 wk (10), 20 days (30), and 4 wk (23) of tail suspension. However, results from Fig. 5 , A and C, showing no significant change of the relative mRNA levels of two main force generation apparatus (SM-MHC and a-SMA) while increased or decreased relative mRNA levels of contractile modulation apparatus (SM22, SMTN, or calponin) in the common carotid and femoral artery of the tail-suspended rats suggest somewhat enhanced or impaired contractility of the smooth muscle. This phenomenon seems contradictory to the results from Purdy et al. (30) . They examined the contractility of different conduit arteries of 20-day tail-suspend rats and showed that the tail-suspension treatment of rats decreased the contraction responses to 68 mM KCl and norepinephrine in the common carotid artery but had no significant effect on the femoral artery. The reason for this discrepancy is multiple. In addition to the gender differences of the SD rats (the female rat in our present study vs. male in Purdy's study), the method used to evaluate the contractility of the smooth muscle can directly affect the final results. For example, Purdy et al. measured the length-tension relationship of the vessel ring, which directly indicates the biomechanical properties of one vessel. Our group, on the other hand, measured the relative mRNA levels of smooth muscle contractile apparatus, which reflects the biochemical property of one vessel more properly. Moreover, it is hard to make a conclusion of the contractility adaptation of one vessel only from the alterations in the mRNA levels of SM22, SMTN, or calponin since they are the contractile regulator not the main force generation apparatus (4) .
Correlation evaluation in the present study was based on the normalized values of GCX coverage and the relative mRNA levels of smooth muscle contractile apparatus by the relative values of the control rats, which can eliminate the baseline differences in the common carotid artery, abdominal aorta, and the femoral artery. Although the data used to compute the correlation coefficients is not big, it indeed shows a significant linear positive correlation between the normalized coverage of GCX and normalized mRNA levels of smooth muscle contractile regulatory apparatus (SM22, SMTN, and calponin), which is consistent with the observations from cultured smooth muscle cells (1, 31) . Shi et al. (31) exposed vascular smooth muscle cells to 8 dyn/cm 2 laminar shear stress (2D) and interstitial flow (3D) for different times and showed that the component of the glycocalyx (HSPG) mediated ERK1/2 activation is an Fig. 5 . The relative mRNA levels of smooth muscle contractile apparatus, including SM-MHC, ␣-SMA, SM22, SMTN, and calponin in the common carotid artery (A), abdominal aorta (B), and the femoral artery (C) of control and TS rats. Samples from four couples of control and tail-suspended rats were run at one time for one target gene and GAPDH, and each sample has three replicates for both target gene and GAPDH. Data from four couples of control and TS rats were used to calculate the means Ϯ SE at one time. SM-MHC, smooth muscle myosin heavy chains; ␣-SMA, smooth muscle ␣-actin; SM22, smooth muscle protein 22; SMTN, smoothelin. *P Ͻ 0.05 vs. control; **P Ͻ 0.01 vs. control. important pathway modulating SMC marker gene expression. In addition, Ainslie et al. (1) found that when the glycocalyx of the SMC was partially degraded by enzyme, the contraction response to increase in shear stress was significantly inhibited.
In conclusion, we found that 3-wk tail suspension of rats increases the coverage of GCX and the relative mRNA levels of the core protein backbones of the glycosaminoglycans (GAGs) and the SMC contractile regulatory apparatus (SM22, SMTN, and calponin) in the common carotid artery, and decreases the coverage of GCX and the relative mRNA levels of all glycocalyx-related genes and smooth muscle contractile apparatus in the abdominal aorta. For the rat femoral artery, the coverage of GCX is reduced, and the glycocalyx-related genes and smooth muscle contractile apparatus were partially downregulated after 3 wk of tail suspension. A significant linear positive correlation between the normalized coverage of GCX and normalized mRNA levels of smooth muscle contractile regulatory apparatus (SM22, SMTN, and calponin) exists. Collectively, these results suggest that the redistribution of hemodynamic factors across the arterial vasculature in the simulated microgravity condition regulates the vascular cell glycocalyx, not only the thickness but also the coverage and the gene expression, in a regional-dependent manner, which may affect its mechanotransduction of shear stress to regulate the contractility of the smooth muscle, finally contributing to postspaceflight orthostatic intolerance.
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